Abstract-The goal of this paper is to provide a brief overview of the Perfect Power Smart Grid Prototype at Illinois Institute of Technology, while highlighting some of the multi-agent system applications. The Perfect Power Prototype is supported by the Department of Energy under the Renewable and Distributed Systems Integration Program, which focuses on effectively integrating distributed resources (including distributed generation technologies, renewable generation technologies, energy storage devices, and demand response methods) for decreased peaking power demand on the grid and for providing necessary ancillary services. The IIT Perfect Power Prototype plans to accomplish the above integration tasks via autonomous multi-agent systems.
I. INTRODUCTION
M ULTI-AGENT SYSTEM platforms have recently emerged as a competitive technology for smart grids, which are advanced power grids that make use of distributed intelligence and robust communications to fulfill their highlevel requirements of self-healing, high quality and reliability, and demand response capability [1] . In fact, the application of multi-agent system (MAS) techniques to power engineering problems is not new. See the review papers [3] and [4] for details. An early example of a commercial implementation of agent-based controls for advanced feeder automation appears in [2] .
Communication networks have long been engaged with electric power systems, playing a vital part in monitoring, operation and control functions of the system through Supervisory Control And Data Acquisition (SCADA). In conventional power systems, the communication or SCADA system typically covers the transmission network, where it serves as a backbone for real-time monitoring, centralized control and protection. With the introduction of smart grid strategies, the communication network increasingly will be deployed in the distribution system where it will connect various intelligent, yet increasingly autonomous, devices. Hence, the components of the MAS have the ability to communicate with each other and make their own decisions. partial loss of load to complete loss of load on the main campus. The outages were sparked by a wide variety of root causes including partial and total loss of utility supply and contractor error. By the summer of 2006, the mounting costs had gotten the attention of the senior administration. Coincidentally, Robert W. Galvin, former chairman of Motorola and the IIT Board of Trustees, extended an invitation to IIT power engineering faculty to join the Galvin Electricity Initiative (GEI). According to the GalvinPower.org web site, "The Galvin Electricity Initiative is leading a campaign to create a perfect power system. A perfect power system cannot fail the consumer. It is environmentally sound and fuel-efficient. It is robust and resilient; able to withstand natural and weatherrelated disasters and mitigate the potential damage caused by terrorist attack. The perfect power system provides affordable electricity to all consumers and allows consumers to control their own energy use to the extent they choose."
Mr. Galvin is known throughout the business and technology communities for his dedication and leadership in quality improvement. Perfection is the ultimate goal of any quality improvement process, hence the term Perfect Power was born.
IIT has begun its journey to Perfect Power. The destination of Perfect Power may be far off in the distance and the exact implementation route may be unclear, but the concept is straightforward and compelling. The goal of the Perfect Power Project at IIT is to have a power system that never fails the consumer. The power failures at IIT during 2004-2006 disrupted classes, destroyed some short-duration and longduration experiments, and damaged equipment. In addition, power quality problems at IIT have forced research faculty and staff to schedule sensitive experiments in the evening to minimize disruption and contamination risks. Two key questions are the following:
• How can reliability be improved?
• How much will the improvements cost? Now, it is important to point out that improving the quality of the power delivery system does not necessarily require more resources. In many cases, improving quality leads to lower costs. One issue that is typically overlooked in economic analyses of a power delivery system is the cost of outages. In one of the IIT outages, contractor error led to a blackout of several student dormitories. The subsequent hotel costs for students during a holiday break were substantial, not to mention the equipment damage and the lost productivity costs as IIT staff managed the crisis.
Of course, individual components will fail in the future, so the Perfect Power Project at IIT will create a power system 978-1-4244-6551-4/10/$26.00 ©2010 IEEE that is robust and resilient with the ability to reconfigure itself automatically following a disturbance. In addition, the future IIT power system will integrate renewable energy sources, storage and distributed generation.
During the summer of 2007, IIT joined forces with several key organizations in the electric power industry and submitted a proposal to the Department of Energy (DOE) Renewable and Distributed Systems Integration Funding Opportunity within the R&D Division of the Office of Electricity Delivery and Energy Reliability. The goal of the program is "[to] demonstrate peak load reduction on distribution feeders with the implementation of distributed energy and energy management systems at a cost competitive with system/capacity upgrades."
The team includes IIT (lead organization), Exelon/Commonwealth Edison Company, S&C Electric Company, Intelligent Power Solutions, the Galvin Electricity Initiative and other power industry experts. An important aspect of the proposed DOE project will be to enhance on-site peaking capacity and storage capacity. Distributed resources can reduce peak demand, which can eliminate or defer new transmission and distribution capacity, and decrease total energy costs. Enhanced on-site peaking generation resources also improve reliability and security.
To chart a course toward our destination of perfection, the multi-disciplinary team has focused on the following necessary components of a Perfect Power system:
• Real-time reconfiguration of power supply assets • Real-time islanding of critical loads • Real-time optimization of power supply resources In addition, the team is investigating the real-time power market participation opportunities for the two 4 MW Allison gas-fired turbines located on campus.
The objectives of the Perfect Power Project include: (1) the achievement of system-wide Perfect Power and demonstration of its technological viability; (2) 50% peak demand reduction capability via on-site generation when called upon by ComEd/PJM; (3) deferral of ComEd planned substation upgrades due to the demand reduction achieved; (4) demonstration of the economic value of Perfect Power, specifically the avoidance of outage costs and the introduction of significant savings and revenue from providing ancillary services; and (5) a design that can be replicated to any municipalitysized system where customers can participate in electric power market opportunities.
The most sophisticated Perfect Power system includes the following elements:
• Redundant transmission supply • Redundant area substation supply • Self-sustaining infrastructure • Intelligent distribution system • On-site electricity production • Demand response capability (A/C, lighting, major loads)
• Intelligent Perfect Power System Controller • Sustainable energy systems and green buildings/complexes • Technology ready infrastructure Note that the Perfect Power Prototype at IIT does not include redundant transmission or area substation supply at this time. Instead, local generation on campus and UPS/backup generation at key facilities ensure that the campus can run independent of the utility or backup the grid and provide ancillary services.
The Perfect Power prototype builds upon the High Reliability Distribution System design developed by S&C Electric, a loop system that provides high reliability service to each building. In this system, any single fault on any of the feeder loop segments can be isolated without interrupting power to the loads. In addition, the Perfect Power prototype will include an Intelligent Perfect Power System Controller to manage the campus electricity distribution and usage. This includes coordinating with ComEd and the PJM Independent System Operator to provide ancillary services and demand response.
Fortunately IIT is located in the PJM ISO where ancillary services are valued at roughly $10,000 to $20,000/MW/yr. In addition, IIT can participate in real time pricing which will reduce annual electricity costs by up to $1,000,000. IIT will utilize its local generation and demand response capability to shave its peak load and mitigate its "peak pain" during the 100 to 500 hours a year of high cost electricity.
The IIT Perfect Power Prototype provides a glimpse of a new electricity system paradigm where utilities and customers work together to build local Perfect Power systems that serve both the customer and the greater power grid to bolster reliability and efficiency across the entire U.S. power system.
In addition to the above implementation aspects of the IIT Perfect Power System, there are several research thrusts:
• Advanced distribution automation • Cable fault detection and location • Hierarchical agent-based control • Wireless control of building loads While several of these research areas involve multi-agent systems, only the advanced distribution automation area will be discussed in detail.
III. MAS FOR AUTONOMOUS POWER SYSTEM OPERATION
The previous section presented a list of necessary features in a Perfect Power System. While it may not be possible to implement all features in every system, the key enabling technologies are communication and decentralized decision making. Furthermore, autonomous intelligent agents enable the creation of systems of systems, which will allow engineers to design Perfect Power Systems.
A. Intelligent Agents
An intelligent agent is an autonomous, goal-oriented entity that can interact with its environment. For example, an intelligent agent could represent an embedded system controller for a piece of equipment or it could represent a piece of software without any visible appearance [5] .
The multi-agent system presented in this paper is based on the "team" concept [2] . A team corresponds to a power line segment bounded by intelligent switching points, see Fig.  1 . The agents within a team can communicate with each other, while a team can communicate with other teams next to it via common "teamate(s)". The "teams" of agents usually Fig. 1 . Multi-Agent System and Power System Relationships communicate with each other to negotiate and work out the most efficient and expeditious reconfiguragion of the system in response to fault conditions and other circuit abnormalities. An intelligent agent includes a conventional local controller, which receives the measurements from and sends the control signals to its associated device in the power system. But an agent is different from a conventional controller in that it can work autonomously, proactively and socially.
B. Java Agent DEvelopment Framework (JADE)
Java Agent DEvelopment Framework (JADE) [6] is an open source platform for peer-to-peer agent based applications freely distributed by Telecom Italia. JADE is fully compliant with the FIPA-IEEE agent-based technology standard. Several research projects in power engineering have used JADE as a MAS framework [3] , [4] .
In a JADE platform, each agent is identified by a globally unique name (AID), JADE allows each agent to initiate communication with other agents at any time, as well as receive incomming communication at any time. Agents communicate by asynchronous message passing, in which each agent has a sort of mailbox (the agent message queue) where the JADE runtime posts messages sent by other agents. Whenever a message is posted in the message queue, the receiving agent is notified. The receiving agent then can pick up the message from the queue to proccess it.
A message typically consists of the following fields:
The advanced distribution automation thrust seeks to develop and demonstrate an advanced system for sensing distribution system conditions and automatically reconfiguring the system to respond to disturbances. The new autonomous agent-based architecture will enable fault detection, location & isolation, service restoration, and integration of renewables. 
C. Power System and Multi-Agent System Simulation
To develop the autonomous intelligent agents, a detailed distribution system simulator is required to feed operational data to the agents and respond to the agent control actions. An unbalanced, three-phase distribution system simulator, called dNetSim, has been created and tested. The simulator can read industry data, perform a power flow solution and report node voltage magnitudes and angles, as well as current magnitudes and angles. Proper unbalanced, three-phase distribution network solutions have been confirmed for the following IEEE Test Feeder Systems, available from the Distribution System Analysis Subcommittee:
• IEEE 4 Node (transformer configuration test system) • IEEE 13 Node • IEEE 34 Node • IEEE 123 Node The combination of dNetSim and a JADE platform with autonomous intelligent agents associated with each control device yields a realistic modeling environment for designing and testing new Smart Grid control strategies. The simulation environment allows agents to (1) sense local voltages and currents, (2) communicate with nearby agent team members, and (3) control various devices, including breakers, sectionalizers, and tie-switches. The co-simulation approach is illustrated in Figure 2 .
The power system module is responsible for solving power flow while the multi-agent system module, which consists of many distributed intelligent agents, is in charge of working out the best configuration of the power nework at any given time. The co-simulation algorithm is described in the following steps:
1) The user supplies power system data such as power sources, distribution network configuration, equipment settings and load demands, as well as the multi-agent system data such as team, agent parameters, communication network configuration. In addition, the user supplies a list of events such as faults or other abnormalities as input.
2) The simulation starts at time t = 0. The status of all intelligent devices are initialized to the user's input settings. 3) Given the status of all intelligent devices, the power system simulation module solves the three-phase power flow [8] .
4) At each intelligent device, measurements including present status, current and voltages at both sides of series devices are sampled every T samp seconds and compared to user defined limits. 5) In the case of any local violation, an agent will initiate a conversation thread to communicate with other agents in the team. The conversation thread can propagate to neighboring teams, if needed, to resolve the violation in the most efficient way. 6) At the end of the conversation, each agent will decide a new device status and send the status to its associated device in the power system simulation module. 7) The power system module reconfigures the network based on the information received from the MAS and increments the simulation time t = t + timestep. Any event such as a short circuit or disturbance which is set to occur at the new time t is also included at this time. 8) If the simulation has reached the end of the event file, then go to step 9, else go back to step 3. 9) Exit simulation.
In addition to traditional distribution equipment, such as overhead conductors, underground cables, transformers, switched capacitors, breakers, sectionalizers, tie-switches and loads, the dNetSim and JADE platforms are being extended to model distributed resources including renewable energy sources and energy storage systems, such as batteries.
The co-simulation platform of dNetSim and JADE enables a power system engineer to perform realistic balanced and unbalanced fault scenario simulations. First, the engineer loads the power system data, multi-agent system data and the event data. Then, the co-simulation platform runs the entire simulation and returns a detailed listing of power system events (fault type, location, duration), power system states (complex voltages, currents and powers), control device actions (switch status, transformer tap status, capacitor status) and agent messages.
IV. CONCLUSION
This paper presented a brief overview of the IIT Perfect Power Smart Grid Prototype, which is a current project under the Department of Energy Renewable and Distributed Systems Integration Program. This Smart Grid project will revolutionize the IIT electric power infrastructure and its operation via the demonstration of S&C Electric's High Reliability Distribution System and the Intelligent Perfect Power System Controller from Intelligent Power Solutions. In addition, the four research thrusts in advanced distribution automation, cable fault diagnostics, intelligent power system controls and direct load controls will establish new strategies for integrating renewable and distributed resources, while improving reliability and reducing peak demand. All four of the research thrusts can benefit from a multi-agent system framework. In particular, the advanced distribution automation area was highlighted in this paper. The co-simulation environment enables engineers to test new ideas with realistic models, before committing additional resources to hardware implementations.
